Production of T 3 in the mediobasal hypothalamus is critical for regulation of seasonal reproductive physiology. Type 2 iodothyronine deiodinase (DIO2) and DIO3 enzymes catalyze the prohormone T 4 into biologically-active T 3 and biologically-inactive rT 3 , respectively. In several seasonally-breeding vertebrates, DIO2 and DIO3 expression is implicated in photoperiod signal transduction in adulthood. These experiments tested the hypothesis that juvenile Siberian hamsters, which are highly responsive to photoperiod at weaning (postnatal day [PND]18), exhibit rapid and sustained changes in hypothalamic dio3 mRNA expression during photoperiod-induced and photoperiodinhibited puberty. Hypothalamic dio2 and dio3 expression was measured via quantitative PCR in hamsters born and reared in a long-day photoperiod (15L:9D) and weaned on PND18 into short-day photoperiods (9L:15D). In SD males, hypothalamic dio3 mRNA was elevated 2.5-fold within 3 days (PND21) and continued to increase (Ͼ20-fold) through PND32; changes in dio3 mRNA preceded inhibition of gonadotropin (FSH) secretion and gonadal regression in SD. Females exhibited comparable dio3 responses to SD. In LD males, dio3 remained low and invariant from PND18 -PND32. In contrast, dio2 mRNA rose conspicuously on PND21, independent of photoperiod, returning to basal levels thereafter. In LD, a single afternoon melatonin (MEL) injection on PND18 or PND20 was sufficient to increase hypothalamic dio3 mRNA, and dio3 increased in proportion to the number of successive days of MEL treatment. SD photoperiods and MEL exert rapid, sustained, and additive effects on hypothalamic dio3 mRNA, which may play a central role in inhibiting maturation of the peripubertal hypothalamo-pituitary-gonadal axis. (Endocrinology 154: 831-841, 2013) M any temperate zone species use changes in day length as a predictive cue to initiate and terminate seasonal breeding, such that offspring develop under environmentally favorable conditions (1-3). In mammals, changes in photoperiod are internalized via entrainment of the nocturnal circadian rhythm of melatonin (MEL) synthesis and release (4 -7). In long-day (LD) breeding Syrian (Mesocricetus auratus) and Siberian (Phodopus sungorus) hamsters, canonical model species for the dissection of neuroendocrine mechanisms of photoperiodic timing, short-day (SD) photoperiods (Ͻ14 h light/d), and the associated lengthening of MEL duration, forecast winter environmental conditions and induce gonadal regression (1). SD MEL signals act at targets in the mediobasal hypothalamus (MBH) and in the thalamus to mediate gonadal regression (8 -10), but the molecular mechanisms by which MEL inhibits the hypothalamo-pituitary-gonadal axis remain to be fully characterized.
M
any temperate zone species use changes in day length as a predictive cue to initiate and terminate seasonal breeding, such that offspring develop under environmentally favorable conditions (1) (2) (3) . In mammals, changes in photoperiod are internalized via entrainment of the nocturnal circadian rhythm of melatonin (MEL) synthesis and release (4 -7) . In long-day (LD) breeding Syrian (Mesocricetus auratus) and Siberian (Phodopus sungorus) hamsters, canonical model species for the dissection of neuroendocrine mechanisms of photoperiodic timing, short-day (SD) photoperiods (Ͻ14 h light/d), and the associated lengthening of MEL duration, forecast winter environmental conditions and induce gonadal regression (1) . SD MEL signals act at targets in the mediobasal hypothalamus (MBH) and in the thalamus to mediate gonadal regression (8 -10) , but the molecular mechanisms by which MEL inhibits the hypothalamo-pituitary-gonadal axis remain to be fully characterized.
Thyroid hormone signaling plays a central role in vertebrate photoperiodic signal transduction (for mammals, see Refs. 11-16; for birds, see Refs. 14, [17] [18] [19] [20] : T 3 facilitates GnRH1 signaling (15) (16) (17) (18) (19) (20) . The expression of type 2 iodothyronine deiodinase (DIO2) and type 3 iodothyronine deiodinase (DIO3) enzymes in the MBH provide a key molecular step that regulates the local availability of T 3 (21) . DIO2 converts the prohormone T 4 into biologicallyactive T 3 , whereas DIO3 converts T 4 into the biologicallyinactive rT 3 . DIO3 also catalyzes T 3 into diiodothyronine; thus, DIO3 expression affords a potent molecular mechanism to quench local T 3 availability (19) . In Siberian hamsters, SDs increase MBH dio3 mRNA, as measured by semiquantitative in situ hybridization, within 2 weeks after the initiation of photoperiod treatments (14, 15) , and this effect is abolished by pinealectomy (15) . Perihypothalamic expression of dio2 mRNA, in contrast, is not consistently affected by photoperiod in this species (14, 15) . In Syrian hamsters, photoperiodic regulation of hypothalamic T 4 conversion appears to be mediated by dio2 mRNA: LD photoperiods (Ͼ14 h light/d) rapidly up-regulate dio2 mRNA, and SD-like MEL treatments inhibit dio2 (22, 23) . Considered together, the data suggest that in male Syrian and Siberian hamsters, dio2 and dio3, respectively, are under strong photoperiodic control in the MBH. Although the dio2 response to exogenous MEL in adult Syrian hamsters is rapid, occurring in less than 24 hours, photoperiod-driven changes in dio3 in adult Siberian hamsters have been suggested to occur relatively slowly, paralleling the concomitant changes in the reproductive system (15, 24) . In Siberian hamsters, pineal MEL is necessary for photoperiodic regulation of dio3 (15) . It is not known whether MEL is sufficient in this regard, nor has any study to date evaluated iodothyronine deiodinase responses to photoperiod in females.
Juvenile Siberian hamsters, unlike adults, exhibit rapid reproductive responses to changes in photoperiod. Hamsters raised from birth in LD initiate puberty within a few days after weaning (typically on postnatal day [PND]18; see Refs. [25] [26] [27] . However, transfer of juveniles to SD at or before PND18 inhibits gonadal development, with effects evident in less than 7 days (25, 28, 29) . An augmented sensitivity to the effects of photoperiod and MEL on reproductive physiology evidently exists around the time of weaning (30) . Indeed, a 4-hour extension of the photophase at weaning has rapid (Ͻ5 d) and enduring stimulatory effects on gonadotropin secretion (27) , and 3 daily MEL treatments initiated on PND18 inhibit gonadal development for greater than or equal to 14 days (30) . If photoperiodic control of puberty is dependent on deiodinase-mediated thyroid hormone signaling, then perihypothalamic dio2 and dio3 responses to photoperiod and MEL would be predicted to occur rapidly in juveniles relative to adult hamsters. Data on this issue are limited to a single recent report (24) , in which male Siberian hamsters were reared in LD and transferred to SD on PND21. Effects of photoperiod on testicular responses required 16 days to manifest, and hypothalamic dio2 and dio3 mRNA responses, measured via in situ hybridization, were evident within 8 and 16 days, respectively (ie, PND29 and PND37). These data suggest that the latency for dio3 responses to photoperiod are similar in juveniles and adults (cf 15). Siberian hamsters are not responsive to photoperiod during lactation (up to PND15; 31-34), but an interval of enhanced sensitivity to photoperiod begins between PND16 and PND18 (26, 30) . SD treatments initiated on PND18 elicit rapid and robust photoperiodic responses, detectable on or before PND25 (28, 30, 35) , but inhibitory responses to photoperiod/MEL treatments that occur after PND18 are either diminished in magnitude or require longer to manifest (30) . Thus, photoperiod manipulations initiated after day 18 (eg, PND21; see Ref. 24 ) may underestimate the sensitivity of hypothalamic dio3 responses to photoperiod during pubertal development, because SD treatments must counteract stimulatory effects of several previous days of exposure to LD.
RF-amide peptides also figure prominently in the photoperiodic regulation of seasonal reproduction (36 -41) , in particular kisspeptin (KISS) and gonadotropin-inhibiting hormone (GnIH). In Siberian hamsters, cells expressing KISS1 peptide (42) and mRNA (43) are located in the anteroventral periventricular (AvPv) and arcuate (Arc) nucleus of the hypothalamus, and both populations are regulated by photoperiod (42, 43) . The mammalian ortholog of GnIH, RF-amide-related peptide-3 (RFRP3), is expressed in the dorsomedial hypothalamus and also exhibits photoperiodic variation in expression in adult Siberian hamsters (44) . Both KISS and RFRP3 have potent stimulatory and inhibitory effects, respectively, on gonadotropin secretion (44, 45) . Whether similar changes in expression are evident during photoinduced and photoinhibited puberty remains unspecified.
The present work examined perihypothalamic dio2 and dio3 expression during the rapid and robust gonadotrophic responses that occur in juvenile Siberian hamsters during the peak window of sensitivity to photoperiod and MEL at PND18. The work also addressed inferential limitations inherent in the use of in situ hybridization for measuring photoperiodic control of dio2 and dio3. For example, when measured via in situ hybridization, dio3 expression is consistently absent in LD (15, 24) . However, measurement of gene expression using quantitative PCR (qPCR) permits more precise measurements of mRNA transcript numbers. Finer resolution of dio3 responses to photoperiod may permit additional insights into the temporal dynamics of photoperiodic T 4 conversion. Hypothalamic kiss1 and rfrp3 mRNA expression was also quantified in order to characterize concomitant changes in descending mechanisms that drive and inhibit the GnRH system.
Materials and Methods

Animals
Siberian hamsters were from a colony maintained at the University of Chicago. Breeding pairs were housed in polypropylene cages in a room illuminated for 15 hours per day with fluorescent light (LD; light onset at 3 AM central standard time [CST] ). Food (Teklad, Harlan Laboratories Inc, Indianapolis, Indiana) and filtered tap water were provided ad libitum; cotton-nesting material was available in the cage. Ambient temperature and relative humidity were held constant at 19 Ϯ 2°C and 53 Ϯ 10%, respectively. All procedures were approved by the Animal Care and Use Committee at the University of Chicago.
Isolation and partial sequencing of dio2 and dio3 mRNA A tissue sample containing hypothalami pooled from male hamsters (n ϭ 3) housed in SD for 8 weeks was used to obtain mRNA sequences for dio2 and dio3. Hamsters were anesthetized with isoflurane (3%-4% in O 2 ), brains were isolated via rapid decapitation, and the whole hypothalamus was dissected and frozen in powdered dry ice. In all studies, the anatomical boundaries for hypothalamus dissection were: the optic chiasm at the anterior border, the mammillary bodies at the posterior border, and laterally at the hypothalamic sulci. Extracted tissue was cut dorsally 3-4 mm from the ventral surface. Total RNA was isolated using RNeasy (QIAGEN, Valencia, California), and a cDNA library was constructed using Molony Murine Leukemia Virus Reverse Transcriptase enzyme (Invitrogen, Carlsbad, California). Degenerate primers that targeted dio2 and dio3 were designed based on conserved regions among multiple species with known gene sequences (GenBank) using PrimerExpress software (Applied Biosystems, Foster City, California). PCR was conducted on 1 L of pooled hamster hypothalamic cDNA with Taq DNA Polymerase enzyme (Invitrogen) according to the manufacturer's protocol in a thermocycler for 40 cycles (BioRad, Hercules, California). PCR parameters were an initial 95°C for 5 minutes followed by 95°C for 15 seconds and 60°C for 1 minute. PCR products were visualized on 2% Tris base, acetic acid, and EDTA buffer-agarose gels containing ethidium bromide using a charge coupled device camera. To verify amplification of the target gene, PCR products were purified (Centricon-100; Millipore, Billerica, Massachusetts) and directly sequenced at the University of Chicago Cancer Research Center DNA Sequencing Facility. The resulting amplicon sequences for Siberian hamster dio2, and dio3, were more than 90% homologous to published sequences for mouse and rat dio2 and dio3. dio2 and dio3 mRNA sequences were entered in the GenBank database (dio2, EU812319; dio3, EU812320).
Experiments
Experiment 1. dio2 and dio3 mRNA responses to photoperiod in adult male hamsters
Adult (4-6 mo of age) hamsters (n ϭ 13) from the LD colony were housed 1 per cage and on week 0 were transferred to a photoperiod that provided 9 hours of light per day (SD; light onset at 9 AM; n ϭ 7) or remained in LD (n ϭ 6). On week 6, hamsters from both photoperiods were anesthetized with isoflurane at the midpoint of the respective light phases (LD, 10:30 AM; SD, 1:30 PM), weighed, and killed via decapitation. Hypothalami were rapidly dissected as described above and frozen on dry ice. Testes were dissected and weighed. Data from 1 hamster that was reproductively nonresponsive to SD (46) were excluded from all analyses (testes weight ϭ 813 mg).
Experiment 2. dio2 and dio3 mRNA responses to photoperiod in juvenile hamsters
Breeding pairs in the LD colony were inspected daily for the presence of pups; the day of birth was designated as PND0. Pups were weaned, sexed, and individually housed on PND18 and were provided with a slurry of ground food and water during the next 2 days. Transfer of hamsters between photoperiods (see below) was performed during the light phase on PND18.
Males
On PND18, males were transferred from LD into SD; control hamsters remained in LD. Hamsters were then killed via decapitation at the midpoint of the respective light phases on PND18 (before photoperiod transfer, n ϭ 8), PND21 (LD, n ϭ 10; SD, n ϭ 12), PND25 (LD, n ϭ 8; SD, n ϭ 9), and PND32 (LD, n ϭ 9; SD, n ϭ 10). Hypothalami were rapidly dissected and frozen on dry ice for determination of dio2, dio3, kiss1, and rfrp3 mRNA expression. Testes, epididymes, and gonadal fat pads were dissected and weighed. Trunk blood was collected and stored on ice for 1 h. Blood was centrifuged for 20 minutes at 8000 ϫ g; serum was stored at Ϫ80°C for determination of FSH (see below).
Females
On PND18, female hamsters were transferred from LD to SD (n ϭ 6); controls remained in LD (n ϭ 4). On PND32, hamsters were killed and hypothalami rapidly dissected and frozen in powdered dry ice.
Experiment 3. dio2 and dio3 mRNA responses to MEL in juvenile hamsters
Male offspring from breeding pairs in the LD colony were used for this experiment. On PND18, hamsters were weaned and housed 1 per cage in LD. Hamsters were then administered 50 g of MEL sc (N-acetyl-5-methoxytryptamine; dissolved in 0.2 mL of ethanolic saline (SAL) vehicle; Sigma, St. Louis, Missouri) or 0.2 mL of the ethanolic SAL vehicle 3 hours before the onset of darkness, so as to artificially extend the endogenous MEL profile (28, 47) . One group received MEL injections on 3 successive days (3MEL) (n ϭ 13; PND18, PND19, and PND20). A separate group (2MEL, n ϭ 9) received MEL injections only on PND18 and PND19. Other groups received a single MEL injection, either on PND18 (1MEL, n ϭ 9) or on PND20 (1MEL [20] ) (n ϭ 8). All hamsters were killed at the midpoint of the light phase on PND21. Hypothalami were rapidly dissected and frozen on dry ice. A trunk blood sample was obtained for determination of serum FSH, and testes were dissected and weighed.
RNA extraction, cDNA synthesis, and qPCR DIO2 (dio2), DIO2 (dio3), RFRP3 (rfrp3), and KISS (kiss1) mRNA expressions were measured in whole hypothalamic samples via qPCR. Total RNA was extracted using RNeasy (QIA-GEN) according to the kit instructions. Extracted RNA was sus-pended in 30 L of ribonuclease-free water, and RNA concentration and quality were determined by spectrophotometer (Nanodrop; Thermo Scientific, Wilmington, Delaware). All samples had acceptable 260/280 ratios between 1.8 and 2.0 and were stored at Ϫ70°C until further analyses. cDNA was created via RT of 2 g of RNA using Molony Murine Leukemia Virus Reverse Transcriptase enzyme (Invitrogen). The sequences for the mRNA of interest are available in GenBank; dio2 and dio3 are listed above, other target mRNA were rfrp3 (EU365871) and kiss1 (EU365872). Primers and probes were synthesized using PrimerExpress software, with probes labeled with 6-FAM and MGB (nonfluorescent quencher) at the 5Ј and 3Ј ends, respectively: dio2 forward 5Ј-ACCACCACCTTCCTTTGCAA-3Ј, dio2 reverse 5Ј-GCGGAAGGCTGGCAGTT-3Ј, dio2 probe 5Ј-AAGCAGAGTGCCCAGGA-3Ј; dio3 forward 5Ј-GTG-CATCCGCAAGCATTTC-3Ј, dio3 reverse 5Ј-ACTTCAG-GCTCGGGATGGT-3Ј, dio3 probe 5Ј-TGCGCCGTCGCCA-3Ј; rfrp forward 5Ј-GCCCCTGCCAACAAAGTG-3Ј, rfrp reverse 5Ј-CAGGGTCCTCCCAAATCTCA-3Ј, rfrp probe 5Ј-CCCACTCAGCAGCCA-3Ј; kiss1 forward 5Ј-AACTCAT-CAATGCCTGGGAAA-3Ј, kiss1 reverse 5Ј-GCTCGCAGTC-CTCCAGGTT-3Ј, kiss1 probe 5Ј-CGGTGCGCAGAGAG-3Ј. A TaqMan 18S Ribosomal RNA primer and probe set (labeled with VIC; Applied Biosystems) was used as the control gene for quantification. Amplification was performed on an ABI 7900HT Sequencing Detection System using TaqMan Universal PCR Master Mix. The universal 2-step RT-PCR cycling conditions used were: 50°C for 2 minutes, 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Relative gene expression of individual samples run in duplicate was calculated by comparison with a standard curve consisting of serial dilutions of pooled P. sungorus hypothalamic cDNA (1:1, 1:10, 1:100, 1:1000, 1:10 000) followed by normalization to 18S rRNA gene expression.
FSH radioimmunoassay
In experiments 2 and 3, FSH was measured in duplicate 50-L aliquots of serum by RIA using materials supplied by National Institute of Diabetes and Digestive and Kidney Diseases (Rockville, Maryland). Assays were performed in the Ligand Assay Core of Northwestern University (Evanston, Illinois). The FSH standard was Rat FSH RP-3 and the antibody was rat FSH-S-11. The intraassay coefficient of variation was 5%, and the interassay coefficient of variance was 7%. The use of the heterologous (rat) reagents to measure FSH in Siberian hamster serum has been validated previously (32, 48) . The sensitivity of the assay was 1 ng/mL, as determined from the minimum detectable level on the standard curve.
Statistics
mRNA expression values were log-transformed to normalize unequal variances between LD and SD treatment groups. Effects of photoperiod and MEL injection treatments were assessed using t tests (experiment 1) or factorial (age by photoperiod; injection treatment) ANOVAs (experiments 2 and 3) using Statview 5 (SAS Institute, Cary, North Carolina). Significant ANOVA main effects are only illustrated in instances where the age by photoperiod interaction term was not significant (P Ͼ .05). Where warranted by a significant F statistic, pairwise comparisons were performed using t tests. Differences were only considered significant if P Յ .05.
Results
Experiment 1. dio2 and dio3 mRNA responses to photoperiod in adult male hamsters SD treatments caused the expected gonadal regression (t 12 ϭ 11.1, P Ͻ .001; Figure 1A ). dio2 and dio3 mRNA expression was detected in both LD and SD hypothalami ( Figure 1, B and C) . dio2 was comparable between LD and SD hamsters (t 11 ϭ 0.37, P Ͼ .70; Figure 1B ), but dio3 expression was 25-fold greater in hypothalami of SD relative to LD hamsters (t 10 ϭ Ϫ6.37, P Ͻ .001; Figure 1C ).
Experiment 2. dio2 and dio3 mRNA responses to photoperiod in juvenile hamsters
Postnatal age and photoperiod interacted to affect gonadal (F 2,54 ϭ 37.6, P Ͻ .001; Figure 2A ) and epididymal development (F 2,54 ϭ 16.3, P Ͻ .001; Figure 2B ). Testis masses were comparable between LD and SD hamsters on PND21 (t 20 ϭ Ϫ1.2, P Ͼ .20), but by PND25, testes of SD hamsters weighed significantly less than those of LD hamsters (t 17 ϭ 6.4, P Ͻ .001), and this divergence was amplified by PND32 (t 17 ϭ 8.3, P Ͻ .001). Epididymis masses were also smaller in SD (PND25: t 17 ϭ 4.3, P Ͻ .001; PND32: t 17 ϭ 4.9, P Ͻ .001).
Age and photoperiod interacted to affect accretion of body mass (F 2,54 ϭ 5.4, P Ͻ .01; Figure 2C ) and gonadal fat (F 2,54 ϭ 15.4, P Ͻ .01; Figure 2D) . SD hamsters weighed less than LD hamsters beginning on PND25 (t 17 ϭ 2.7, P Ͻ .05), and this difference persisted on PND32 (t 17 ϭ 2.8, P ϭ .01). SD hamsters had less gonadal fat on PND25 (t 17 ϭ 3.2, 
P Ͻ .01) and PND32 (t 17 ϭ 4.6, P Ͻ .001; Figure 2D ). dio2 and dio3 mRNAs were expressed in the hypothalami of juveniles at all postnatal ages surveyed. Postnatal age significantly affected hypothalamic dio2 mRNA expression (F 2,53 ϭ 14.5, P Ͻ .001; Figure 3A ), but photoperiod treatments did not (F 1,53 ϭ 0.36, P Ͼ .50). Expression of dio2 did not differ between LD and SD hamsters at any sampling interval between PND18 and PND32 (t 16-20 Ͻ 1.18, P Ͼ .20, all comparisons). However, in both LD and SD, dio2 expression was approximately 2-fold higher on PND21 relative to PND18 (LD: t 16 ϭ Ϫ2.19, P Ͻ .05; SD: t 18 ϭ Ϫ2.84, P Ͻ .05). By PND25 and PND32, dio2 had returned to values indistinguishable from those observed on PND18 (t 14-16 Ͻ 1.51, P Ͼ .10, all comparisons).
Photoperiod and age interacted to affect hypothalamic dio3 mRNA expression (F 2,52 ϭ 8.57, P Ͻ .001; Figure  3B ). dio3 mRNA was significantly greater in SD relative to LD hamsters on PND21 (t 20 ϭ Ϫ2.18, P Ͻ .05); this increase was augmented on PND25 (t 15 ϭ Ϫ5.27, P Ͻ .001) and PND32 (t 17 ϭ Ϫ8.20, P Ͻ .001). Among LD hamsters, dio3 mRNA expression on PND21, PND25, and PND32 was comparable with that observed on PND18 (t 14-16 Ͻ 1.05, P Ͼ .30, all comparisons); in contrast, among SD hamsters, dio3 expression was significantly greater on PND21 (t 18 ϭ Ϫ2.47, P Ͻ .05), PND25 (t 15 ϭ Ϫ6.27, P Ͻ .001), and PND32 (t 16 ϭ Ϫ9.21, P Ͻ .001) relative to PND18. In addition, within the SD treatment group, dio3 expression tended to increase from PND21 to PND25 (t 19 ϭ Ϫ1.97, P ϭ .06) and increased significantly from PND25 to PND32 (t 17 ϭ Ϫ4.28, P Ͻ .001). Between PND18 and PND32, hypothalamic dio3 expression increased by 21-fold in SD hamsters, whereas it increased by 1.2-fold in LD hamsters.
A 2 ϫ 2 ANOVA was used to compare dio3 mRNA response to photoperiod between adult (experiment 1) and juvenile (experiment 2) hamsters. In addition to the Figure 3C ), but photoperiod did not (F 1,53 ϭ 1.40, P Ͼ .20). kiss1 expression was comparable in LD and SD on PND21 (t 20 ϭ Ϫ0.05, P Ͼ .90), PND25 (t 16 ϭ Ϫ0.055, P Ͼ .50), and PND32 (t 17 ϭ Ϫ1.33, P Ͼ .20). kiss1 was higher on PND21 relative to PND18 in LD (t 16 ϭ Ϫ2.56, P Ͻ .05) and SD (t 18 ϭ Ϫ3.06, P Ͻ .01), but expression on PND25 and PND32 did not differ from that on PND18 in either photoperiod (t 14-16 Ͻ 1.71, P Ͼ .10, all comparisons).
Postnatal age significantly affected hypothalamic rfrp3 mRNA expression (F 2,53 ϭ 13.9, P Ͻ .001; Figure 3D ), but in common with kiss1, photoperiod was without effect (F 1,53 ϭ 0.07, P Ͼ .70). rfrp3 mRNA was comparable between LD and SD hamsters at all time points after PND18 (t [16] [17] [18] [19] [20] Ͻ 0.55, P Ͼ .50, all comparisons). Collapsed across photoperiod treatments, rfrp3 expression increased significantly from PND18 to PND21 (t 28 ϭ Ϫ2.95, P Ͻ .01), remained elevated on PND25 (t 24 ϭ Ϫ2.85, P Ͻ .01), and returned to PND18-like values on PND32 (t 25 ϭ 0.21, P Ͼ .80). Compared with PND18, rfrp3 expression was significantly greater on PND21 in SD hamsters (t 18 ϭ Ϫ2.61, P Ͻ .05) and tended to be greater on PND21 in LD hamsters (t 16 ϭ Ϫ1.97, P Ͻ .07).
Postnatal age (F 2,52 ϭ 20.9, P Ͻ .01) and postweaning photoperiod (F 1,52 ϭ 21.0, P Ͻ .001) each affected serum FSH concentrations ( Figure 3E ). FSH was comparable in LD and SD hamsters on PND21 (t 18 ϭ 1.19, P Ͼ .20), but FSH was significantly lower in SD hamsters on PND25 (t 17 ϭ 5.97, P Ͻ .001) and PND32 (t 17 ϭ 3.05, P Ͻ .01). In LD, FSH did not differ between PND18 and any time point thereafter (t 15-17 Ͻ 1.57, P Ͼ .10, all comparisons). In SD, however, FSH decreased between PND18 and PND25 (t 16 ϭ 6.70, P Ͻ .001) and remained lower on PND32 (t 16 ϭ 5.72, P Ͻ .001).
Both dio2 and dio3 mRNAs were expressed in the female hamster hypothalamus on PND32 (Figure 4) . dio2 mRNA expression was affected by sex (F 1,25 ϭ 5.61, P Ͻ .05), photoperiod (F 1,25 ϭ 6.05, P Ͻ .05), and an interaction between sex and photoperiod (F 1,25 ϭ 4.54, P Ͻ .05; Figure 4A) . In females, but not in males, hypothalamic dio2 tended to be greater in LD relative to SD on PND32 (t 8 ϭ 2.14 P ϭ .06). In SD, males and females exhibited comparable levels of dio2 mRNA expression (t 14 ϭ Ϫ0.40, P Ͼ .60), but in LD, dio2 mRNA expression tended to be higher in females (t 11 ϭ Ϫ2.09, P ϭ .06).
Photoperiod affected PND32 dio3 mRNA expression (F 1,25 ϭ 19.9, P Ͻ .001), but sex did not (F 1,25 ϭ 1.75, P Ͼ .20; Figure 4B ). In females, hypothalamic dio3 mRNA expression was significantly greater in SD relative to LD (t 8 ϭ Ϫ6.40, P Ͻ .001; Figure 4B ). Males and females exhibited statistically comparable dio3 expression in both LD (t 11 ϭ 0.51, P Ͼ .60) and SD (t 14 ϭ 1.47, P Ͼ .10).
Experiment 3. dio2 and dio3 responses to MEL in juvenile hamsters
MEL injections in LDs affected testis weights (F 4,44 ϭ 2.63, P Ͻ .05; Figure 5A ). Three MEL injections, delivered on PND18 -PND20 (3MEL group), significantly inhibited testicular development (t 21 ϭ Ϫ2.13; P Ͻ .05) as compared with 3 SAL injections (3SAL). 2MEL, on PND18 -PND19, also inhibited testis development relative to the 3SAL treatment (t 18 ϭ Ϫ1.81, P Ͻ .05), as did 1MEL delivered on PND18 (t 18 ϭ Ϫ2.42, P Ͻ .05). However, 1MEL [20] did not inhibit testis growth as measured on PND21 (t 17 ϭ Ϫ0.42, P Ͼ .60).
Circulating FSH concentrations on PND21 were also affected by MEL injections (F 4,44 ϭ 3.06, P Ͻ .05; Figure  5B ). FSH was lower in 3MEL (t 22 ϭ Ϫ2.80, P ϭ .01) and in 2MEL (t 18 ϭ Ϫ2.61, P Ͻ .05) hamsters relative to SALinjected controls. In contrast, a single MEL injection, either on PND18 or on PND20, did not reduce FSH (t 17 Ͻ 0.36, P Ͼ .70, both comparisons).
Hypothalamic dio2 mRNA expression was not affected by injection treatments (F 4,45 ϭ 0.97, P Ͼ .40; Figure 5C ). But MEL significantly altered hypothalamic dio3 expression (F 4,45 ϭ 4.04, P Ͻ .01; Figure 5D ). dio3 was greater in 3MEL-treated hamsters relative to 3SAL- treated hamsters (t 22 ϭ 3.14, P Ͻ .005). dio3 was also greater in 2MEL hamsters relative to controls (t 18 ϭ 3.35, P Ͻ .005). A single MEL injection on PND18 (1MEL) was sufficient to increase dio3 mRNA expression (t 18 ϭ 3.46, P Ͻ .005), as was 1MEL [20] (t 17 ϭ 4.80, P Ͻ .001). Regression analysis with the number of MEL injections (M; 1, 2, or 3) as the predictor variable and dio3 mRNA expression (D) on PND21 as the dependent measure yielded a significant linear relation (D ϭ 0.02M ϩ 0.17; ␤ ϭ 0.465; R 2 ϭ 0.22; data not shown).
Discussion
Six weeks of exposure to SD caused an increase in hypothalamic dio3 mRNA and gonadal involution, absent any down-regulation of dio2 mRNA, in adult male Siberian hamsters. These data confirm previous reports (cf 14, 15) but extend this observation to provide precise quantification of mRNA transcript production in both LD and SD. In prepubertal juvenile (PND18) hamsters, transfer from LD to SD triggered a rapid increase in hypothalamic dio3 mRNA; significant up-regulation of dio3 mRNA expression was evident within 3 days (by PND21) and was sustained for approximately 2 weeks, achieving levels in excess of 20-fold higher than in LD. Categorically comparable effects of SD were evident in juvenile females, although the present data did not permit specification of the time course of dio3 mRNA in females undergoing photoperiod-delayed puberty. Finally, acute SD-like MEL treatments, sufficient to inhibit gonadal development when delivered between PND18 and PND20, elicited dose-dependent increases in dio3 mRNA but were without effect on dio2 mRNA. These data demonstrate that the reproductive effects of SD MEL signals are initially and rapidly coded by increases in MBH dio3 mRNA, triggering downstream inhibition of FSH secretion and gonadal development.
Investigations of photoperiodic control of hamster brain deiodinase expression have exclusively used semiquantitative approaches (14, 15, 24) , which have generated precise neuroanatomical localization of dio2 and dio3 mRNA in the periventricular regions of the hypothalamus but have also led to the conclusion that dio3 expression is absent in LD. Using qPCR, the present work illustrates that dio3 mRNA is expressed in LD conditions but merely at lower levels, which may be inadequate to generate sufficient amounts of T 3 to permit inhibition of gonadotropin secretion. In addition, the present data permit quantitative comparisons between dio3 mRNA levels achieved by juveniles vs adults responding to SD. Although dio3 mRNA was comparable between juveniles and adults in LD, dio3 mRNA was 2-to 3-fold greater in adults exposed to SD for 6 weeks than in juveniles exposed to SD for 2 weeks. A plausible interpretation of this difference is that the longer interval of SD exposure (in adults) yielded progressive increases in dio3 expression. However, testes of adult (6 wk of SD) and juvenile (2 wk of SD) hamsters were comparably involuted. The dio3 requirement for driving regression of a fully-developed adult gonad may be substantially higher than that required to inhibit the development of an undeveloped prepubertal gonad. An important caveat to this conjecture, however, is that posttranscriptional modifications of dio3 mRNA participate in DIO3 translation and bioactivity (49) ; the extent to which such posttranscriptional processing contributes to the photoperiodic regulation of T 3 signaling has yet to be examined in this model. The quantitative assessment provided here compels the conclusion that, regardless of age, hypothalamic dio3 mRNA is not categorically regulated by photoperiod, but rather dio3 is constitutively expressed. Photoperiod and MEL likely determine the degree, rather than the probability, of dio3 expression. In adult Siberian hamsters, an increase in MBH dio3 mRNA expression is an important molecular mechanism for coding photoperiod information downstream of MEL secretion (14, 15) , and the present report provides further evidence in support of this hypothesis. In contrast, dio2 expression in this species remains invariant across day lengths (15, 24 ; but see Ref. 14) , and the data here extend this absence of a photoperiod effect on dio2 mRNA to pubertal development. Species differences in photoinducible dio2 and dio3 mRNA may reflect how slight variations in a common mechanism for the photoperiodic timing of reproduction lead to similar reproductive strategies. In other photoperiodic vertebrates (eg, Syrian hamsters [22, 23] , sheep [13] , and Japanese quail [18] ), LDs increase dio2 mRNA, consequently increasing hypothalamic T 3 concentrations. Inhibitory MEL treatments decrease Syrian hamster hypothalamic dio2 mRNA within 24 hours of the first treatment, and this effect endures for up to 2 days (23) . The present data suggest that dio3 responses to MEL in Siberian hamsters are similarly rapid and enduring. 1MEL [20] was sufficient to increase dio3 mRNA in less than 20 h; moreover, a single MEL injection on PND18 led to increases in dio3 mRNA that were detectable 3 days later on PND21. MEL-mediated day length information between PND18 and PND21 is evidently integrated by the reproductive neuroendocrine system (cf 50, 51) and can be observed at the level of dio3 mRNA expression.
Notably, in juveniles, there was a significant up-regulation of dio2 mRNA in both photoperiods on PND21; by PND25, however, dio2 mRNA had returned to basal levels, comparable with those evident on PND18, or in adulthood. The peripubertal surge in dio2 expression coincided with an increase in kiss1 mRNA expression and preceded by 4 days the first detectable increase in FSH and testis size in LD. A surge in dio2 expression on PND21, if sufficient to increase hypothalamic T 3 signaling and facilitate GnRH release (52) , may be an important and previously undescribed developmental event underlying puberty. Across several vertebrate classes, acute changes in dio2 and dio3 expression have been associated with events in metamorphosis (flatfish fish eye migration [53, 54] ; T 3 -dependent amphibian metamorphosis [55] [56] [57] ). The present data suggest that an increase in hypothalamic T 3 may be involved in the establishment of reproductive maturation in mammals.
In a recent report, male Siberian hamsters reared in LD and transferred to SD on PND21 required 8 days to exhibit decreases in dio2 mRNA and 16 days for dio3 to increase (24) , suggesting that the latency for dio3 responses to photoperiod is similar in juveniles and adults (cf 15). In the present work, photoperiod-driven dio3 responses were evident in less than or equal to 3 days, and MEL-driven dio3 responses were evident within less than 24 hours and endured for up to 3 days. Based on the present data, photoperiod manipulations (ie, transfer to SD) instantiated on PND21 would have occurred after the pubertal surge in kiss1 and dio2 had occurred, and after 3 days of LD-induced inhibition of dio3. In order to drive gonadal involution, SD treatments beginning on PND21, unlike those beginning on PND18, may need to counteract the reproductively stimulatory effects of multiple previous days of LD treatments. Thus, PND21 photoperiod manipulations may underestimate the sensitivity of the peripubertal dio3 response to photoperiod (24) . This conjecture is supported by the observation that gonadal responses to SD treatments implemented on PND21 required 16 days to manifest, whereas responses to treatments beginning on PND18 require only 3 days (24) . In Syrian hamsters, inhibitory MEL treatments decrease dio2 mRNA within 24 hours, and this effect endures for 2 days (23). In Siberian hamsters, the present data suggest that dio3 responses may share a similar, rapid, latency.
The present work provides the first evidence that the photoinduced changes in dio3 mRNA occurs in the female MBH. Marked sex differences in the neural integration of biologically relevant signals exist (58) . For example, juvenile male and female Siberian hamsters exhibit subtle sex differences in MEL, FSH, and prolactin responses to photoperiod history manipulations (59) . The study of neuroendocrine systems is decidedly biased towards male subjects (60) . The present work suggests that similar dio3 responses to photoperiod exist in male and female hamsters, suggesting a general absence of a sex difference in a key mechanism for neuroendocrine transduction of changes in day length.
In addition to the iodothyronine enzymes, kiss1 and rfrp3, genes that encode RF-amide peptides associated with reproductive photoperiodism, exhibited marked variation between PND18 and PND32. Both kiss1 and rfrp3 mRNA increased on PND21, followed by a precipitous (kiss1) or gradual (rfrp3) decline, independent of photoperiod. KISS1 and the cognate receptor, G-protein coupled receptor, are essential for the induction of puberty (61) . In hamsters, total hypothalamic kiss1 mRNA was briefly elevated during early reproductive development (PND21; Figure 3C ). kiss1 mRNA and protein expression are localized to both the AvPv and Arc hypothalamic regions, and AvPv and Arc kiss populations have distinct functional roles during the onset of puberty, across the reproductive cycle, and in the timing of seasonal breeding (for review, see 62). Thus, one limitation to the present study is the inability to distinguish between the anatomical sources of these developmental changes in kiss1 mRNA. In mice and rats, kiss1 mRNA and protein expression is increased during puberty in the AvPv (63, 64) . Consequently, we speculate that the increase in kiss1 expression on PND21 may reflect activity of cells in the AvPv, but this conjecture requires empirical examination. rfrp3 mRNA exhibited a similar pattern in expression: lower values on PND18, a sharp increase on PND21, and a gradual decline through PND32, independent of photoperiod. This is the first study to measure rfrp3 (also termed GnIH) during mammalian reproductive development. The functional significance of pubertal rfrp3 mRNA is currently unknown, but it may modulate the rate of reproductive maturation. In general, kiss1 and rfrp3 exhibited similar patterns of expression over the peripubertal interval, with PND21 as a singularly high interval of expression. Future experiments are required to specify the neuroanatomical localizations and functional significance of the increase in kiss1 and rfrp3 mRNA on PND21.
In summary, these data provide novel insights into molecular events associated with photoperiod-induced and photoperiod-delayed pubertal development. In seasonal breeders, the induction of puberty is a critical neuroendocrine event (65, 66) . Born into inhibitory day lengths, juvenile hamsters rapidly inhibit gonadotropin secretion and delay pubertal development; in both male and female weanlings, inhibition of the hypothalamo-pituitary-gonadal axis is associated with a robust increase in hypothalamic dio3, which inhibits perihypothalamic T 3 signaling (15, 17, 18) . Against a background of photoperiodindependent surges in dio2, kiss1, and rfrp3 mRNA on PND21, elevated dio3 expression occurs only in SD. Likewise, MEL signals that mimic SDs have rapid and persistent effects on dio3 gene expression and reproductive physiology. These data document a novel time course of gene expression bearing on reproductive development and suggest that variation in the expression of a single iodothyronine enzyme is employed in both sexes for the photoperiodic control of seasonal reproductive development.
